Potato black dot, caused by the fungus Colletotrichum coccodes (Wallr.) S. Hughes (8) , is of economic concern in several major potato (Solanum tuberosum) producing regions in North America (5, (15) (16) (17) 20, 28, 32, 35) . The disease can decrease tuber yield weight from 16 to 30% due to early death of the crop (3, 12, 18, 31, 36, 45, 46) , and can reduce tuber quality due to gray-brown blemishes on the epidermis of white and red potatoes (24, 44, 46) . C. coccodes also has been associated with the "bumpy tuber syndrome", a postharvest storage disease in which necrotic bumps develop under the potato epidermis (32) .
Potato tubers may be infected with C. coccodes externally by sclerotia, internally in the vascular tissues near the stolon end by mycelial hyphae (14) , or in combinations (24, 45, 46) . Infected potato tubers are the main source for disseminating the pathogen. When such tubers are planted to virgin soils, they infest the soils and the fungus becomes soilborne (46) . Soil and tubers are the sources of fungal inoculum that initiate the disease, and the soilborne inoculum is the more aggressive of the two (10) (11) (12) 23, 28, 29, 40, 41) . Infection of the plants occurs on the belowground organs relatively early in the season without evident symptoms of chlorosis or necrosis on the foliage (2, 19) . As plants enter the tuber bulking stage (growth stage 4), and the foliage starts to senesce (27) , the pathogen spreads into the aboveground stems and colonizes the plant (31) . At the end of the season, sclerotia become visually evident on roots, stolons, and stems (28, 29, 31, 32, 34, 36) .
Potatoes vary in susceptibility to black dot as was demonstrated with the cultivars Cara, Pentland Crown, and Romano that were recorded to be less susceptible to tuber blemishes than Desiree, Maris Piper, and Maris Peer (39) . Tsror et al. (45) recorded variation in yield, stem colonization, and tuber infection among the four potato cultivars Alpha, Cara, Nicola, and Desiree. However, to date, resistance to black dot, in which fungal development is restricted completely or to some degree, has not been reported in potato germplasm.
The present study tested the hypothesis that resistance to potato black dot is present in potato germplasm. The objectives of the study were (i) to identify resistance to black dot in potato, and (ii) to evaluate stem cuttings as a screening technique. This study was part of the Northwest TriState Potato Breeding Program, which is a collaborative effort of the USDA-ARS, Washington State University, Oregon State University, the University of Idaho, the potato commission of each state, and industry representatives. The purpose of this collaborative effort is to develop potato cultivars with agronomic and horticultural characteristics, and resistance to pests and pathogens, which would be suitable for the potato industry in the Northwest United States.
MATERIALS AND METHODS
The majority of the germplasm (potato selections) in this study were chosen because in previous field and greenhouse trials they demonstrated resistance to potato powdery scab, caused by Spongospora subterranea (30) , and/or to the Columbia root-knot nematode Meloidogyne chitwoodi (6) . Some of the potato selections tested in this study were chosen randomly from the Tri-State Breeding Program. The industry standard potato cultivars Russet Burbank, Ranger Russet, and Umatilla Russet were included in all three trials for comparison.
The field trials were carried out from 2006 to 2008 in a commercial potato farm located near Moses Lake, WA. All the fields in this farm had a history of severe black dot. Each year, the trials were carried out in a different field on the farm. The potato selections were obtained as seedtubers from the Central Oregon Experiment Station of Oregon State University, located near Powell Butte, and from the USDA-ARS Potato Research Unit, located near Aberdeen, ID. The tubers were cut into pieces of 50 g on average, and were treated with Mancozeb (TOPS®MZ; Gustafson LCC, Plano, TX) by adding 5 ml of the fungicide to 20 tuber seed pieces in a large paper bag (31 × 18 × 58 cm) and shaking well until the tuber seed pieces were fully covered with the fungicide. The tuber seed pieces were maintained in the paper bags at 5°C until used.
The trials were arranged in a randomized complete block design with a one-way treatment structure (potato selection), with three replicated blocks in 2006 and four replicated blocks in 2007 and 2008. The experimental plots for a potato selection were a single row measuring 86 cm wide by 114 cm long. Five seed tuber pieces were planted to each plot (5 hill plot) at spacing of 23 cm. The trials were planted each year during the first week of April. Stems for evaluation of black dot severity were sampled in the first week of September each year corresponding with the potato growing season and with potato plants' senescence.
The severity of black dot in the field was quantified on the aboveground stem by detection on culture medium, and was expressed as disease severity index (DSI). In 2006, a total of 3 to 9 stems were assessed for each potato selection; and in 2007 and 2008, a total of 12 stems were assessed for each potato selection. The stems were washed with running tap water to remove soil deposits, surface-sterilized for 10 min in 10% bleach, washed again, and their surface was let dry at room temperature before cutting. Then stem segments of approximately 5 mm were removed aseptically. In 2006, stem segments were removed from 2 and 6 cm aboveground; in 2007 from 2, 6, 10, and 14 cm aboveground; and in 2008 from 2, 6, and 10 cm aboveground. The stem segments were placed in 9-mm petri plates onto a modified potato dextrose agar composed of 1 g/liter PDA, 10 g/liter Bacto agar, 0.01 g/liter streptomycin sulfate, and 5 ml/liter 95% ethanol that was added to the media when it cooled down to approximately 30°C. The stem segments were incubated at 25°C in the dark. Fungal growth was visible on the stem segments and on the growth media 10 days later.
Using a dissecting microscope, the presence or absence of C. coccodes sclerotia on the stem segment and/or the growth medium was visually verified. The colonization outcome was recorded as "1" for a colonized segment, and "0" for a noncolonized segment. Then the disease severity index (DSI) on the aboveground stem was calculated by multiplying the colonization outcome (0 or 1) by the height aboveground from which the segment was removed (2, 6, 10, or 14 cm). The multiplications for each stem were totaled. Then, the total was divided by the highest value it could obtain assuming all segments were infected, which were 8, DSI of potato selections that were in common to all 3 years was analyzed by year and across years using the mixed models procedure in SAS (Version 9.1, SAS Institute, Cary, NC). To determine black dot resistance, each potato selection was individually compared to the mean DSI of the three industry standard cultivars (Russet Burbank, Ranger Russet, and Umatilla Russet) using "DSI estimate" statements. The DSI estimate statements compared the adjusted mean difference in DSI between the chosen potato selection and the mean DSI of the industry standard cultivars. A negative DSI estimate value indicated that the potato selection had less black dot than the industry standards from the standpoint of the DSI. The more negative the value, the lower the amount of disease. A positive estimate value indicated that the potato selection had more black dot than the industry standards. Potato selections with a negative estimated value that was significantly (P < 0.05) lower than the mean DSI of the industry standards were regarded as resistant to black dot. Potato selections with a negative estimate value that was reasonably (0.05 ≤ P ≤ 0.1) lower than the mean DSI of the standard cultivars were considered moderately resistant to black dot. The potato selections demonstrating a positive DSI estimate, and the potato selection demonstrating a negative DSI estimate that was not significantly or reasonably lower than the mean DSI of the industry standards were recorded as susceptible. To determine the consistency of DSI for a given potato selection, the average DSI levels of each year were compared in the mixed models procedures using the differences of least squares means for the year*potato selection effect.
Error variances for the analyses by year were homogeneous, so data were combined over years for the potato selections in common to all 3 years to investigate the genotypic stability of each potato selection. The genotype*environment interaction (G×E) was partitioned into stability variance components (σ i 2 ) assignable to each genotype (43) using PROC IML in SAS (21) . An environmental index for each environment was calculated by subtracting the grand mean over all environments from the mean for each environment. Heterogeneity due to this index was removed from the genotype*environment interaction, and the remainder was partitioned into s i 2 assignable to each potato selection, and constitutes variance not explainable by genotype or environment. Mean squares from this analysis were used to estimate the genotype, environment, and genotype*environment components of variance. Broad-sense heritability was estimated as the ratio of the variance component of genotypes over total phenotypic
-1 , where MS 1 = mean squares for genotype and MS 2 = mean squares for genotype*environment.
Correlation between DSI consistency and genetic stability was tested with the Kendall Tau b ranking correlation analysis in SAS (47) .
RESULTS
Forty-six potato selections (experimental clones and commercial cultivars) were tested between 2006 and 2008 in order to identify selections with resistance to black dot. Thirty-six potato selections were tested in 2006 (Fig. 1), 24 in 2007 (Fig. 2) , and 26 in 2008 (Fig. 3) . Potato selections with greater amounts of black dot than the industry standards in two consecutive trials were usually discarded. A total of 17 potato selections were tested all 3 years and were in common to all three trials.
The industry standard cultivars Russet Burbank, Ranger Russet, and Umatilla Russet had similar (P > 0.05) levels of disease severity index on aboveground stems (DSI) in 2006 (Table 1) . In 2007, the DSI of Russet Burbank was significantly greater (P < 0.05) than the DSI of Ranger Russet, but not greater than the DSI of Umatilla Russet. In 2008, the DSI of Umatilla Russet was significantly greater (P < 0.05) than the DSI of Ranger Russet, and moderately greater (P = 0.055) than the DSI of Russet Burbank.
DSI data analysis of the 17 potato selections in common in all three trials indicated a significant (P < 0.0001) potato selection*year interaction. This interaction was manifested by inconsistent DSI levels in some potato selections over the 3 years of the study (Table 2 ). The analysis for genetic stability indicated an interaction between potato selection and environment (G×E) in relation to black dot severity, and the presence of genetically unstable potato selection even after removing environmental effects. The heritability of resistance to black dot was computed to be 0.13, with a 95% confidence interval of 0.00 to 0.68. DSI inconsistency and genetic stability were significantly correlated (P = 0.0095, R 2 = 0.65). The potato selections A0012-5, PA95B2-4, PA98N5-2, PA98NM38-1, PO94A009-7, PA99N82-4, and Umatilla Russet were recorded to be genetically stable to black dot, and with consistent DSI levels over the 3 years of the study (Table 2) . Table 3 summarized the DSI estimate comparisons between each of the 17 potato selections in common in all 3 years and the industry standards. In 2006, 13 potato selections had a negative DSI estimate value, indicating that they had less disease than the standards. Among those 13 potato selections, 11 were significantly (P < 
, PO94A009-7, and POR00HG5-1 were resistant to black dot, and the selections A00681-7 and Summit Russet were moderately resistant. Among these selections, (Table 2) .
DISCUSSION
The present study tested the hypothesis that resistance to potato black dot was present in potato germplasm. The objectives of this study were (i) to identify potato germplasm with resistance to stem colonization by C. coccodes, and (ii) to evaluate stem cuttings as a screening technique. Agrios (1) defined disease resistance as the ability of an organism to exclude or overcome, completely or in some degree, the effect of a pathogen or other damaging factor. In previous studies (31, 36) , C. coccodes was recorded spreading upward in the stem from the inoculation court or the roots toward the plant's apex. With this knowledge, and based on the definition by Agrios (1), we hypothesized that potato selections that were resistance to stem colonization by C. coccodes would restrict the fungus from spreading upward in the stem. Five potato selections, A0012-5, PA95B2-4, PA98NM38-1, PO94A009-7, and POR00HG5-1, demonstrated less stem colonization over 3 years than a set of three industry standard cultivars. Therefore, the results of this study supported the tested hypothesis, indicating the presence of resistance to stem colonization by the potato black dot fungus in potato germplasm.
This was the first reported study where potato germplasm were tested for resistance to black dot. Therefore, considerations had to be made regarding the germplasm to be screened and the screening method. The majority of the germplasm in this study were chosen because they had demonstrated resistance to two important pests in the Pacific Northwest region: (i) the potato powdery scab obligate protozoan parasite Spongospora subterranea (30) , and (ii) the Columbia root-knot nematode Meloidogyne chitwoodi (6).
However, some of the germplasm were chosen randomly from the Tri-State Breeding Program.
Stem cuttings, as a screening technique, also was chosen on purpose. The information from the literature indicated that black dot in the field does not consistently reduce potato yield (28, 45) . As a result, the impact of black dot on potato and the amount of disease is commonly determined according to parameters of disease severity. The quantification of sclerotia on the roots and the stolons (29, 33, 36, 40) , the quantification of colony forming units (CFU) in the crown and lower stem (33, 45) , and the quantification of disease severity by stem cuttings (28, 33, 45) are all valid approaches to determine black dot severity, and have been successfully utilized for field and greenhouse trials. However, in this study, sclerotia on the roots were not evaluated, as at the time of sampling they were not present on all selections; and CFU were not quantified since in our opinion it is a cumbersome method. Stem cuttings, on the other hand, had demonstrated repetitive results in our field and greenhouse trials (28, 31) and were therefore chosen for this study.
The use of stem cuttings to evaluate black dot severity developed over time in our research program. In a 3-year field study, Nitzan (28) demonstrated the efficacy of the fungicide azoxystrobin to control black dot using stem cuttings. In another study, Nitzan et al. (31) cut stems every centimeter above the inoculation court and demonstrated the colonization pattern of potato stems by C. coccodes and its association to postbloom senescence. The later study (31) indicated that C. coccodes spreads up the stem from the inoculation court once the potato enters tuber bulking, which timewise is related to postbloom senescence. In addition, the fungus did not spread higher than 24 cm above the inoculation court.
Building on this knowledge, we decided in the present study to simplify the stem cutting evaluation technique. Instead of cutting segments every centimeter aboveground, stem segments were removed from different heights using the soil level as a point of reference. Stem segments were removed from 2, 6, 10, and 14 cm aboveground, which were heights that were chosen randomly to account for the distance. We did not sample above 14 cm, however, because potato plants in the field at advanced stages of the season usually lie on the ground, and can get infected by C. coccodes at the point where the stem comes in contact with the soil. Yet our experience taught us that the first 20 cm of the stem aboveground stays erect and does not lie on the ground. To calculate disease severity with segments removed from different heights, a DSI was formulated that took into consideration both the colonization outcome (infected or not infected) and the height of the segment aboveground (2, 6, 10, and 14 cm). This DSI fulfilled the need to test the hypothesis and demonstrated repetitive results over 3 years of field study. Selecting a set of standard cultivars to serve as a susceptible baseline for comparisons was another consideration. For this purpose, the industry standard cultivars Russet Burbank, Ranger Russet, and Umatilla Russet were chosen due to their wide use by the potato industry in the Pa- w Lowercase letters within a row represent statistical differences among years for each potato selection separately. x σ i 2 = Stability variance components; s i 2 = variance not explainable by genotype or environment; NS = not significant. y Stable = genotypes that were stable both before and after removal of environmental heterogeneity; Unstable = genotypes that were unstable both before and after removal of environmental heterogeneity; G×E = genotypes in which DSI was unstable before removal of environmental heterogeneity but stable after removal of environmental heterogeneity; Consistent = lack of statistical differences among the DSI in 2006, 2007, or 2008. z List of 17 potato selections that were common to all three field trials. Boldface represents potato selections that were genetically stable and with consistent DSI. cific Northwest United States (42) . These cultivars were also documented in the greenhouse and the field to be affected by black dot, demonstrating high disease severities on stems and reduction of yield (4, 28, 29, 31, 36) . Identifying potato germplasm with less black dot than these industry standards would be a contribution to the industry, enhancing the future management of this disease, or breeding progress toward managing it with resistant cultivars.
An additional factor that was taken into consideration was the association between C. coccodes colonization of stems and plant maturity/postbloom senescence (31, 36) . To standardize sampling time and limit this source of variation, which could affect disease severity levels, the stems were sampled each year postbloom during the senescence window. In the future, to enhance the efficiency of testing, our recommendations are to group different maturity categories into subtrials and include early maturing industry standards.
The analysis of black dot severity indicated a large genotype*environment interaction, an interaction characterized by inconsistent DSI levels and unstable genotypes even after removing environmental effects (Table 2) . However, the genotype*environment interaction explained only 12% of the variation for DSI, whereas the largest source of variation (73%) was unexplained by the model. Because of this, all future selections need to be tested several years in the field, and breeders should focus on genetically stable potato germplasm with consistent DSI levels for submission to variety trials and/or as parents in breeding programs. Pathologists will need to test the consistency of other disease severity evaluation methods and their adequacy in identifying resistance to black dot. Emerging from this is the novel information that Umatilla Russet is genetically stable and may be a more reliable standard for future breeding or screening than Russet Burbank and Ranger Russet ( Table 2) .
The results of the field screening indicated a graduated range of field resistance levels (Figs. 1 to 3 ) among the potato selections, suggesting that this trait is expressed in a continuous distribution, most likely a polygenic source of resistance. The broad-sense heritability for resistance to black dot was calculated to be 0.13, which is low. The 95% confidence interval for this estimate was 0.00 to 0.68. Such a broad confidence interval is indicative of the extreme variability for DSI and points out the difficulty of breeding for resistance to black dot. In this study, the potato selections, A0012-5, PA95B2-4, PA98NM38-1, PO94A009-7, and POR00HG5-1, demonstrated less black dot over 3 years than the three industry standard cultivars. A0012-5, PA95B2-4, PA98NM38-1, and PO94A009-7 also demonstrated genetic stability and consistent DSI levels.
The pedigrees of the resistant potato selections A0012-5, PA95B2-4, PA98NM38-1, PO94A009-7, and POR00HG5-1, and the moderately resistant A00681-7 and Summit Russet, are presented in Table 4 . The selections PA95B2-4, PA98NM38-1, PO94A009-7, and POR00HG5-1 possess resistance to the root galling stage of the powdery scab pathogen Spongospora subterranea f. sp. subterranea (30) . They were derived from an introgression program to incorporate resistance to the Columbia root-knot nematode M. chitwoodi from the Mexican wild species Solanum bulbocastanum (6); and PA95B2-4, PA98NM38-1, and PO94A009-7 also have the commercial cultivar Summit Russet appearing in multiple generations in their ancestry (Table 4) (6) . The potato selection POR00HG5-1 is a backcross introgressant of an initial cross with the wild species Solanum hougasii.
Achieving management of black dot is challenging. The disease is multifaceted and can initiate from seed-tuber and soilborne inoculum (10, 28, 29, (31) (32) (33) (34) (35) (36) (44) (45) (46) , and it affects plant health, yield, and tuber quality. To date, with the ban on methyl bromide, soil fumigants are not available that can economically control the soilborne inoculum of the fungus (D. A. Johnson and D. L. Batchelor, unpublished data); and seed treatments are not available that can control the internal seed-tuber-borne inoculum (28, 38) . This leaves limited management options with fungicides (9, 26, 28) . Black dot can be reduced during the growing season with strobilurin-based fungicides (9, 28) . However, their application is expensive, and resistance to them has been documented in Alternaria spp. (25, 37) , suggesting the risk of resistance buildup in populations of C. coccodes. Rotations with crops that are not hosts for C. coccodes, such as wheat, barley, maize, or peas (7, 34) , are possible but not economically justifiable in the Columbia Basin of Washington State and Oregon since the sclerotia of C. coccodes can survive in the soil up to 8 years (13) . Under these conditions, potato cultivars with genetic resistance to black dot seem to be a good economical and sustainable option.
In conclusion, this study reports novel information regarding the identification of black dot resistant potato germplasm. Emerging from this study are: (i) an innovative approach to quantifying black dot severity on potato stems; (ii) the important information regarding genetic stability of potato germplasm in relation to black dot severity; and (iii) the establishment of Umatilla Russet as a reliable standard cultivar for comparisons. This study is only a first step toward the development of potato varieties with resistance to black dot. Yet it is a milestone since it identified potato germplasm with a dual genetic resistance to both potato black dot, caused by C. coccodes, and powdery scab, caused by S. subterranea. These germplasm are promising steps toward the development of future potato cultivars with a combined resistance to two major soilborne diseases of potato.
